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Introduction
� Photon emission in NC interactions: 

� on nucleons

� on nuclei

� Small cross section (weak & e.m.)

but

� Important background for νµ → νe studies (θ13 , δ) if γ is misidentified

as e± from CCQE or 

ν(ν̄) N → ν(ν̄) γ N

ν(ν̄) A → ν(ν̄) γ X

ν(ν̄) A → ν(ν̄) γ A

← incoherent

← coherent

νe n → e− p ν̄e p → e+ n

ν(ν̄) A → ν(ν̄) A′∗ N ′

γ AAnkowski et al., PRL 108 (2012), 052505  
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Introduction
� e-like events in the MiniBooNE νµ → νe search:

Aguilar-Arevalo et al., PRL102 (2009) 101802
=

2mnEe −m2
e −m2

n + m2
p

2(mn − Ee + pe cos θe)

reconstructed ν energy
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Introduction
� e-like events in the MiniBooNE νµ → νe search:

� Unexplained excess of events at 200 < Eν
QE < 475 MeV

� NC π production ← largest background

� NC ∆ → N γ ← 2nd largest background: determined from the number 

of measured NC π events

� Shape of event excess consistent with NC π & NC ∆ → N γ

Aguilar-Arevalo et al., PRL102 (2009) 101802
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Introduction
� e-like events in the MiniBooNE search:

� Excess of events at Eν
QE > 475 MeV consistent with LSND

� Excess of events at 200 < Eν
QE < 475 MeV absent only if oscillations are 

considered

Aguilar-Arevalo et al., PRL105 (2010) 181801

ν̄µ → ν̄e
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Introduction
� e-like events in the MiniBooNE search:

� At 200 < Eν
QE < 475 MeV

� NC π production ← largest background
� NC ∆ → N γ ← 3nd largest background

Aguilar-Arevalo et al., PRL105 (2010) 181801

ν̄µ → ν̄e
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Introduction
� Microscopic model, R. Hill, PRD 81 (2010)

� Hadronic degrees of freedom  N, ∆(1232) , π, ρ, ω

� EFTh consistent with the SM symmetries at low energy

� Extrapolation to Eν ~1-2 GeV using phenomenological form factors

� Comparison to MiniBooNE, R. Hill, PRD 84 (2011)

� Assumptions:

� Detector mass: 800x106 g

� 6.46x1020 POT (ν) and 5.76x1020 POT (  )

� Cut Eγ > 140 MeV

� Efficiency: 25 % 

ν̄
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Introduction
� Microscopic model, R. Hill, PRD 81 (2010)

� Hadronic degrees of freedom  N, ∆(1232) , π, ρ, ω

� EFTh consistent with the SM symmetries at low energy

� Extrapolation to Eν ~1-2 GeV using phenomenological form factors

� Comparison to MiniBooNE, R. Hill, PRD 84 (2011)

� ∆ → N γ events: twice the MiniBooNE estimate

� Conclusion: Neglected  events give a significant contribution to the 
MiniBooNE low-energy excess 

ν ν̄
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Introduction
� Microscopic model, R. Hill, PRD 81 (2010)

� Hadronic degrees of freedom  N, ∆(1232) , π, ρ, ω

� EFTh consistent with the SM symmetries at low energy

� Extrapolation to Eν ~1-2 GeV using phenomenological form factors

� Comparison to MiniBooNE, R. Hill, PRD 84 (2011)

� However, nuclear corrections have not been considered (CH2 ≈ 8p6n)

ν ν̄
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The model
� Feynman diagrams: 

∆ NN

Z γ

N NN

Z γ

N NN

γZ

N N

Z

π

γ

NN

Z

∆

γ
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The model 
� Amplitude:

← Fermi constant

← electric charge

← photon polarization

← NC for ν or  

← specific for each mechanism

Mr =
GF e√

2
ǫ∗(r)µ ū(p′)Γµαu(p)lα

GF

e

ǫ∗(r)µ

lα

Γµα
ν̄
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The model
� Nucleon pole terms:

q ← 4-momentum transferred to the nucleon

qγ ← photon 4-momentum

N NN

Z γ

N NN

γZ

Γµα = JµEM(−qγ)DN (p + q)JαNC(q) + JαNC(q)DN (qγ − p)JµEM(−qγ)

DN (p) =
1

p/−mN
← nucleon propagator
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The model
� Nucleon pole terms:

� Vector NC form factors:

� ← p,n EM form factors (dipole parametrizations)

� ← strange EM form factors → 0

JαNC(q) = γαF̃1(q
2) +

i

2M
σαβqβF̃2(q

2)− γµγ5F̃A(q2)

2F̃
(p)
1,2 = (1− 4 sin2 θW )F

(p)
1,2 − F

(n)
1,2 − F

(s)
1,2

2F̃
(n)
1,2 = (1− 4 sin2 θW )F

(n)
1,2 − F

(p)
1,2 − F

(s)
1,2

N NN

Z γ

N NN

γZ

Γµα = JµEM(−qγ)DN (p + q)JαNC(q) + JαNC(q)DN (qγ − p)JµEM(−qγ)

F
(p,n)
1,2

F
(s)
1,2
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The model
� Nucleon pole terms:

� Axial NC form factor:

� gA = 1.267, MA= 1.016 GeV

� ← strange axial form factors → 0

JαNC(q) = γαF̃1(q
2) +

i

2M
σαβqβF̃2(q

2)− γµγ5F̃A(q2)

N NN

Z γ

N NN

γZ

Γµα = JµEM(−qγ)DN (p + q)JαNC(q) + JαNC(q)DN (qγ − p)JµEM(−qγ)

F
(s)
A

FA(Q2) = gA 1 +
Q2

M2
A

−2

2F̃
(p,n)
A = ±FA + F

(s)
A
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The model
� Nucleon pole terms:

JαNC(q) = γαF̃1(q
2) +

i

2M
σαβqβF̃2(q

2)− γµγ5F̃A(q2)

N NN

Z γ

N NN

γZ

Γµα = JµEM(−qγ)DN (p + q)JαNC(q) + JαNC(q)DN (qγ − p)JµEM(−qγ)

JµEM(−qγ) = γµF
(i)
1 (0)− i

2M
σµνqγ νF

(i)
2 (0) i = p,n
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The model
� ∆(1232) pole terms:

Γµα = ĴδµEM(p′, qγ)D
∆
δσ(p + q)JσαNC(p, q) + ĴδαNC(p′,−q)D∆

δσ(qγ − p)JσµEM(p′,−qγ)

D∆
δσ(p) =

Λδσ
p2 −m2

∆ + im∆Γ∆(p2)
← Delta propagator

NN

Z

∆

γ

∆ NN

Z γ

Ĵαβ = γ0(J
αβ)†γ0

Λδσ

Γ∆(p2)

← N-∆ projector

← E-dependent width
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The model
� ∆(1232) pole terms:

Γµα = ĴδµEM(p′, qγ)D
∆
δσ(p + q)JσαNC(p, q) + ĴδαNC(p′,−q)D∆

δσ(qγ − p)JσµEM(p′,−qγ)

NN

Z

∆

γ

∆ NN

Z γ

J
βµ
NC(p, q) =

�
C̃V3 (q

2)

M
(gβµ/q − q

βγµ) +
C̃V4 (q

2)

M2
(gβµq · p∆ − qβp

µ
∆) +

C̃V5 (q
2)

M2
(gβµq · p− qβpµ)

�

γ5

+
C̃A3 (q

2)

M
(gβµ/q − q

βγµ) +
C̃A4 (q

2)

M2
(gβµq · p∆ − qβp

µ
∆) + C̃A5 (q

2)gβµ

J
βµ
EM(p, qγ) =

�
C
(p,n)
3 (0)

M
(gβµ/qγ − q

β
γγ
µ) +

C
(p,n)
4 (0)

M2
(gβµqγ · p∆ − q

β
γp
µ
∆) +

C
(p,n)
5 (0)

M2
(gβµqγ · p− q

β
γp
µ)

�

γ5

C̃V
i = −(1− 2 sin2 θW )CV

i C
(p,n)
i = −CV

i

C̃A
i = −CA

i
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The model
� ∆(1232) pole terms:

� N-∆ Vector form factors       can be obtained from helicity amplitudes
extracted from π photo- and electro-production

NN

Z

∆

γ

∆ NN

Z γ

CV
i

A1/2 = 2πα
kR

R, Jz = 1/2 ǫ+µ JµEM N, Jz = −1/2 ζ

A3/2 = 2πα
kR

R, Jz = 3/2 ǫ+µ JµEM N, Jz = 1/2 ζ

S1/2 = − 2πα
kR

|q|√
Q2

R, Jz = 1/2 ǫ0µJµEM N, Jz = 1/2 ζ
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The model
� ∆(1232) pole terms:

� N-∆ Vector form factors       can be obtained from helicity amplitudes
extracted from π photo- and electro-production

� Here we have adopted:  Lalakulich, Paschos, PRD 71 (2005)

NN

Z

∆

γ

∆ NN

Z γ

CV
i

CV
3 = 2.13 1− q2

4m2
V

−1

DV (q2)

CV
4 = −1.51 1− q2

4m2
V

−1

DV (q2)

CV
5 = 0.48 1− q2

0.776m2
V

−1

DV (q2)

DV = 1− q2

m2
V

−2

mV = 0.8 GeV
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The model
� ∆(1232) pole terms:

� N-∆ Axial form factors

� CA
5(0) =1.00 ± 0.11 GeV, MA ∆ = 0.93 ± 0.07 GeV

Hernandez et al., PRD 81 (2010)

NN

Z

∆

γ

∆ NN

Z γ

CA
i

CA
4 = −

1

4
CA
5 CA

3 = 0 ←Adler model

CA
5 = CA

5 (0) 1 +
Q2

M2
A∆

−2
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The model
� π pole term:

� from the anomalous part of the Lagrangian

N N

Z

π

γ

Γµα = −icp,n
gAmN

4π2f2π

1

2
− 2 sin2 θW ǫσδµαqγ σqδ γ5Dπ(p

′ − p)Fπ(p
′ − p)

Dπ(p) =
1

p2 −m2
π

Fπ(p) =
Λ2 −m2

π

Λ2 − p2
Λ = 1.2 GeV

← π propagator 

← off-shell form factor

cp,n = ± 1 
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Results
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Results
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Results

� Error band: CA
5(0) =1.00 ± 0.11 GeV Hernandez et al., PRD 81 (2010)

� Main differences with R. Hill, PRD 81 (2010)

� CA
5(0) = 1.00 ± 0.11 GeV vs 1.2

� Energy dependent Γ∆ vs Γ∆ = const = 120 MeV

� For nucleon pole diags.: MA = 1 vs 1.2 GeV
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Nuclear effects
� Relativistic Local Fermi Gas

� Fermi motion

� Pauli blocking

� Free nucleons but with space-momentum correlations absent in the GFG

f(*r, *p) = Θ(pF (r)− |*p|)

pF (r) = [ 32π2ρ(r)]1/3

PPauli = 1−Θ(pF (r)− |*p|)



L. Alvarez-Ruso, IFIC                                                          NuInt12

Nuclear effects
� In-medium modification of the ∆(1232) resonance

� In 

replace

1

p2 −m2
∆ + im∆Γ∆(p2)

M∆ → M∆ + ReΣ∆(ρ)

Γ∆
2

→ Γ̃∆(ρ)

2
− ImΣ∆(ρ)

Γ̃∆ ← Free width ∆ → N π modified by Pauli blocking

ReΣ∆(ρ) ≈ 0

ImΣ∆(ρ)←many-body processes: 
• ∆ N → N N
• ∆ N → N N π
• ∆ N N → N N N
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Results
� Integrated cross sections

� Considerable reduction caused by nuclear effects (~30 %)

� In line with the results of Zhang, Serot, arXiv:1210.3610
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Results
� Photon momentum distributions

� Considerable reduction caused by nuclear effects
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νe energy reconstruction
� If the photon from                                       is misidentified as a CCQE

e± with energy

� Reconstructed-energy distributions

ν(ν̄) A → ν(ν̄) γ X

Erec
ν =

2mnEγ −m2
e −m2

n + m2
p

2(mn − Eγ + pγ cos θγ)
≈ mNEγ

mN − Eγ(1− cos θγ)

dσ

dErec
ν

= dΩγdEγ <
dσ

dΩγdEγ
> δ Erec

ν − mNEγ

mN − Eγ(1− cos θγ)

<
dσ

dΩγdEγ
> ← averaged over the ν flux

MiniBooNE
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νe energy reconstruction
� Reconstructed-energy distributions

� Peak ~ max of the event excess 

(like in R. Hill, PRD 84 (2011) and Zhang, Serot, arXiv:1210.3610)

� At the peak: ~ 30 % reduction from nuclear effects
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νe energy reconstruction
� Reconstructed-energy distributions

� Considerably smaller distributions than those that according to R. Hill, PRD 

84 (2011) explain the excess of e-like events 

� Results probably consistent with MiniBooNE’s estimate
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Conclusions

� We have studied photon emission induced by NC interactions with 

nucleons and nuclei in the energy region relevant for the MiniBooNE

event excess

� Reaction dominated by ∆(1232) excitation

� Theoretical error dominated by N-∆ axial transition properties

� Large (~ 30 %) reduction on the cross section due to nuclear effects

� Smaller peaks in the reconstructed-energy spectra vs R. Hill, PRD 84 (2011)

� Results probably consistent with MiniBooNE’s estimate (in line with Zhang, 

Serot, arXiv:1210.3610) but a direct comparison to e-like events is needed


